Considering the wear in mechanical bearings and the requirement for sensors or electrical power in active magnetic bearings, a novel nutation blood pump using a passive magnetic spherical bearing was developed in this paper. A mathematical model was derived to calculate the magnetic forces of the bearing between two pairs of magnetic sleeves in the nutation process. The calculation results demonstrate that the fluctuations of magnetic forces enlarge with the increase in the nutation angle; the magnetic forces obviously increase with the decrease in the air gap, especially along the z-axis. The dynamic magnetic finite element simulation was carried out to validate the mathematical model. The simulation and calculation results of the magnetic forces show consistent trends and provide a theoretical basis for the parameter design. To validate the performance of the pump, computational fluid dynamics (CFD) analyses and in vitro experiments were conducted. The predicted values of the flow velocity vector through the pump, and the wall shear stress, demonstrate that the pump has an antithrombotic property and would not cause serious blood damage. The hydraulic experiment shows that a pressure rise can be achieved in the range of 60-140 mmHg, at a rotational speed of 600-1600 rpm and a flow rate of 0.4-6.7 L/min. The normalized index of hemolysis (NIH) of the nutation pump was 0.0043 ± 0.0008 g/100L. The in vitro tests indicate the feasibility of a magnetically levitated ventricular-assist nutation blood pump for further suspension stability and animal trials.
I. INTRODUCTION
Currently, because of some tricky problems in cardiac transplantation, such as implantation, the long-term management of transplant-related complications, and a serious lack of heart donors, one of the most effective measures for treating end-stage heart failure is the ventricular-assist device (VAD) [1] , [2] . Most of the VADs in a clinical setting are designed as centrifugal blood pumps or axial flow blood pumps, such as HeartWare HVAD [3] , HeartMate III [4] , Terumo Dura-Heart [5] , and Berlin Heart [6] . However, the advantages and disadvantages of centrifugal versus axial flow blood pumps are still in dispute. Mojtaba Koochaki et al. believe that a centrifugal blood pump with a large volume cannot
The associate editor coordinating the review of this manuscript and approving it for publication was Xiaodong Sun . conveniently be implanted in the body, and they proposed a new small axial blood pump [7] . Although the new axial flow design is much smaller than the centrifugal pump, it needs rotational speeds of 6000-6500 rpm to maintain an output flow rate of 0-11 L/min. However, a higher rotational speed may generate a higher magnitude of shear stress, which would result in hemolysis. Therefore, both the size and rotational speed reduction of the VAD for the total artificial heart (TAH) are important subjects. A miniature undulation pump was invented at the University of Tokyo, and various research projects have been carried out since 1992 [8] . However, because of the wear in the ball bearings and the malfunctions of the drive shaft and seal membranes, the durability of the undulation pump was not adequate [9] . Our research team proposed a novel miniscule ventricular assist nutation blood pump that realized a much smaller volume at the same flow VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ rate, compared with the undulation pump [10] , [11] . A distinctive design characteristic of the nutation blood pump is that there are no seal membranes between the nutation disk and the pump housing, because the disk is supported by a spherical bearing located in the center of the pump cavity. The miniscule nutation blood pump has been proven to be feasible, but its mechanical bearing mechanism has potential problems at the contacting parts, which is suspected to be a cause of hemolysis and thrombogenicity. The magnetically levitated pumps, as third-generation artificial heart pumps without a mechanical bearing that have high durability and lower hemolytic properties as well as antithrombogenicity, are leading candidates for the TAHs and VADs [12] , [13] . Masuzawa et al. proposed a magnetically suspended blood pump with an axially levitated motor [14] . The axial force on the levitated impeller is balanced by the magnetic suspension system, and the axial position and tilting of the levitated impeller are controlled actively with the electromagnetic bearing. The WorldHeart company designed the Levacor VAD, which integrated a hybrid active and passive magnetic bearing to completely suspend a centrifugal impeller [15] . Although the rotor levitation can be achieved by active control with electromagnetic actuators, it requires electronics with an inherent vulnerability that can lead to the failure of sensors and signal leads. However, the passive magnetic bearings that do not need additional energy consumption and complex control systems are regarded as having the most potential as magnetic bearings for the support technology applied in blood pumps [16] . Wan et al. devised a permanent maglev impeller blood pump with a passive bearing, and demonstrated that the pump can achieve a dynamic balance by the external force of the blood flow [17] . Qian studied a permanent maglev rotator in a heart pump, which could be stabilized by using a non-permanent magnetic (PM) force acting together with a PM force [18] . Passive magnetic bearings achieve suspension by the magnetic force between the magnetic rings, and the calculation of the magnetic force is important. Ravaud et al. presented the analytical formulations of the magnetic field created by permanentmagnet rings, based on a Coulombian approach [19] , [20] . Bachovchin et al. computed and analyzed the magnetic fields and magnetic forces from magnetic bearings made of circular Halbach permanent-magnet arrays [21] . Sun et al. presented a novel rotor structure with V-shaped permanents and an E-core stator for bearingless permanent magnet synchronous motors, and they analyzed the performance of control, torque and suspension force for the bearingless motors [22] - [25] . Xia presented a bionic artificial heart blood pump driven by permanent magnet and analyzed the magnetic field distribution and driving characteristics with a finite element method [26] .
However, there is no research focusing on the magnetic forces from passive magnetic bearings in the nutation process. In addition, an oversimplified model is not suitable for describing the magnetic forces of the unique nutation characteristics. Above all, it is necessary to study the magnetically levitated nutation pump with a passive magnetic bearing and its service behavior.
II. METHODOLOGY
To conduct the study, a theoretical analysis, numerical simulation and in vitro test were applied. The theory of equivalent magnetic charges was applied to design the magnetically levitated spherical bearing. The numerical simulation was used not only to verify the mathematical model of magnetic levitation but also to predict the flow pattern and to calculate the pump performance. To validate the feasibility of the self-designed nutation blood pump and check the hemolysis performance, in vitro experiments were performed.
A. STRUCTURE AND MECHANISM
The current magnetically levitated nutation pump is based on the previous mechanical contact spherical bearing nutation pump that was designed by our laboratory. To reduce the mechanical friction and wear, a new structure for the passive magnetic spherical bearing was designed. Here, the inclined sleeve driven directly by the motor shaft to generate the nutation motion has been eliminated, and the nutation disk is driven by a pair of permanent magnets outside the pump chamber. As shown in Figure 1 (a), two permanent magnets are arranged diagonally in the rotary sleeve and seven permanent magnets are uniformly installed in the edge of the nutation disk. These magnets in the nutation disk are attracted by the two magnets in the sleeve. The attraction between the magnets keeps the nutation disk tilted and in contact with the inner cones of the upper and lower covers in the lines. The rotary sleeve is driven by a miniature brushless DC motor, and the nutation disk swings up and down with the rotation of the sleeve. The internal vessel of the pump is surrounded by part of a sphere and is inside two inner cones of the upper and lower covers. Considering the compartment that lies below the nutation disk, the lower compartment is divided into two areas by the contact lines. When the contact lines move counterclockwise with the nutation disk, the inlet area increases, continuously generating negative pressure that causes the fluid to flow into it. At the same time, the outlet area diminishes, the fluid is pushed through the outlet, and the pump mechanism activated. Figure 1 The nutation disk is supported by a spherical magnetic bearing that is located in the spherical cavity between the upper and lower covers and is nutated together with the nutation disk. As a result of the technical difficulties in the processing and magnetization of the spherical permanent magnets, it is difficult to implement the magnetic suspension of the spherical bearing directly using spherical permanent magnets with homogeneous magnetization [27] . Therefore, the permanent magnets of the spherical bearing are designed as magnetic fan-shaped sleeves that are inserted into the spherical pairs of the nutation disk and the spherical cavities of the upper and lower covers. To make the nutation disk swing up and down with no self-rotation, a pin shaft is designed in the middle of the opening of the nutation disk and is confined to move only in the groove of the baffle plate. Thus, the magnetic fan-shaped sleeves in the spherical bearing always keep nutating, only with no self-rotating when the pump works. The suspension of the spherical bearing is achieved by the repulsive force between the magnetic fan-shaped sleeves in the spherical pairs and covers. The schematic diagram of the pump is shown in Figure 1 , and the dimensions of the pump are given in Table 1 .
B. MATHEMATICAL MODEL
In the working process of the pump, the fan-shaped magnetic sleeves in the covers are stationary, but the axes of the fan-shaped magnetic sleeves in the spherical pair are changing continuously with the swing of the nutation disk. Therefore, the axes between the paired fan-shaped magnetic sleeves in the covers and spherical pair are tilted. To study the magnetic force and bearing capacity of the magnetically levitated spherical bearing, a pair of fan-shaped magnetic sleeves is used for the study, and the physical model is shown in Figure 2 . The two fan-shaped sleeves (S I and S II ) are made of a neodymium iron boron (NdFeB) permanent magnet, with dimensions R 1 , R 2 , and 2L 1 , and R 3 , R 4 , and 2L 2 , respectively (as shown diagrammatically in Figure 2 ). The sleeve lengths are equal (i.e., L 1 = L 2 ), and they are magnetized along their axial direction. The magnetic charge densities on the end of the surfaces of the sleeve are σ 1 and σ 2 , which are supposed to be rigid and uniform.
The sleeves in the spherical pair are designed as an eccentric structure. S I is fixed in the pump cover, and S II in the spherical pair has an eccentricity with e along the OO' direction. As surfaces 1 and 2 have the same geometry, the integration variables in surface 2 can be expressed by the variables in surface 1 (r 1 ,α). Similarly, the integration variables in surface 4 can be expressed by the variables in surface 3 (r 2 , β). Variable α is the direction angle of vector r 1 in surface1, and VOLUME 7, 2019 β is the direction angle of vector r 2 in surface 3. From the theory of equivalent magnetic charges, the interaction force between the charges on some of the microsurface areas, P, in surface 1, and those on some of the other microsurface areas, Q, in surface 3, is [28] - [31] :
where m = 1, 2; n = 3, 4; and µ 0 is the permeability of the vacuum, µ 0 = 4π×10 −7 H·m−1.
From the magnetic relation [32] , the face densities of the magnetic charges of the rare earth permanent magnets can be expressed as follows:
where B r1 and B r2 are the remanences of the magnetic sleeves.
In this case, we will assume, without a loss of generality, that the attractive force is positive and the repulsion is negative. Therefore, the differential form of the total interaction force between S II in the spherical pair and S I in the pump cover is as follows: 24 (3)
which can be written in projective form along the coordinate axes as follows:
and combining Equations (1) and (3), the integrative form of the total force is as follows:
The coordinate system of S I is the static coordinate system, o 0 − x 0 y 0 z 0 , and the origin of the static coordinate system is located at the center of the nutation disk spherical pair. The coordinate system of S II is a dynamic coordinate system, o 1 − x 1 y 1 z 1 , and the origin of the dynamic coordinate system offsets e along the −z 0 direction. The position of o 1 −x 1 y 1 z 1 relative to o 0 −x 0 y 0 z 0 can be described as follows: (i) S II has eccentricity e along the −z 0 direction, and rotates θ degrees around the y 1 axis, which is the initial position shown in Figure 3a; (ii) S II rotates θ x degrees around the x 1 axis, and the angle between the x 1 and x 0 axis becomes θ y , which is the arbitrary position shown in Figure 3b .
Angles θ x and θ y vary periodically, and their relationship over time is as follows:
where θ is the nutation angle and T is the rotation period. The composition of vector r 13 in Equation (5) can be determined from Figure 2 and is shown in Figure 4 . The projections of the vectors in Figure 4 on the coordinate axes are given in Table 2 . Hence, the components of r 13 along the coordinate axes and the magnitude | r 13 | are as follows: 13 . i = −L 1 + L 2 cos θ y −r 2 cos β sin θ y cos θ x r 13y = r 13 . j = −r 1 sin α + r 2 sin β cos θ x r 13z = r 13 . k = −e − L 2 sin θ y + r 1 cos α − r 2 cos β cos θ y cos θ x | r 13 | = r 2 13x + r 2 13y + r 2 13z (7) where i, j, and k are the unit vectors along the coordinate directions. Similarly, r 14 , r 23 , and r 24 can be expanded as follows: and 
By substituting Equation (2) and Equations (6)-(10) into Equation (5), the components of the total interaction force can be calculated.
C. SIMULATION
The 3D magnetic simulation analyses were carried out to calculate the magnetic force of the proposed magnetic levitation structure, and to verify the mathematical model. The magnetic field distribution of the magnetic bearing was investigated with the physics mode of rotating machinery and magnetic, which provide a scientific basis for the design of the pump. To realize the disk magnetically levitating, the magnets simulated in the spherical bearing were neodymium magnets. Table 3 presents the material parameters and dimensions of the magnets.
The characteristics of the internal flow field of the pump are complex, and the flow conditions in the nutation blood pump are considered turbulent. To validate the flow velocity in the pump and the distribution shear stress, the RNG k-ε turbulence model was used to solve the flow domain with ANSYS Fluent, using the user-defined functions. The blood was treated as an incompressible Newtonian fluid, with a density of 1060 kg/m 3 and viscosity of 0.0036 kg/m·s [33] . The pressures were selected as the inflow and outflow conditions, and no-slip was selected as the wall boundary condition. The differential pressure of the inlet and outlet was 100 mmHg. The mesh model consisted of 164591 tetrahedron elements and 29114 mesh nodes. The discretization of the governing equations was performed using a second order type, and the residual target was set before the time, for the sake of accuracy. 
D. MANUFACTURING AND EXPERIMENTATION
The CAD model of the pump was established and all the parts were manufactured using biocompatible stainless steel 316LS, except for the rotary sleeve, which was made with a resin material. Each part was then polished using diamond paste to achieve a mirror-like surface, as shown in Figure 5 . To drive the nutation disk into a swing motion, seven fan-shaped N45 grade neodymium iron boron (NdFeB) permanent magnets, with an outer diameter of 38 mm, an inner diameter of 30 mm, and a thickness of 2 mm, were implanted into the edge of the nutation disk. To facilitate the installation of the magnetic sleeves, the magnetic sleeves were processed into a fan-shape and then assembled in the covers and a spherical pair. The eccentricity of the magnetic sleeves in the spherical bearing was 1.2 mm, and the nutation angle of the pump was 10 • . To avoid the nutation disk being rotated in contact with the pump housing and to minimize the clearance flow, the gap length in the radial direction between the disk and the inner housing was approximately 0.08 mm.
The in vitro experiments were performed to confirm the principle of the self-designed pump and check the hemolysis performance. The test platform of the self-designed pump was built in accordance with the ASTM F1841 standard test procedure, from the American Society for Testing and Materials (ASTM) [34] , as shown in Figure 6 . The flow pressure curve of the pump was tested with fresh porcine blood as a fluid, by adjusting the speed and after-load of the pump. The in vitro simulated circulation system was composed of a blood storage bag (with sodium citrate as the anticoagulant), silicone hose, pressure regulating valve, flowmeter, differential pressure gauge, motor, and power supply system. The preload of the pump was adjusted according to the height of the storage bag and the after-load was regulated by the pressure regulating valve. At each pressure load, the motor speed was gradually adjusted, and the output flow rate of the pump was recorded at each speed after the flow became stable. The temperature of the VAD system was monitored by an infrared thermometer placed close to the pump, motor, and pipe wall, to accurately measure the operating temperature. To reduce the influence of air bubbles on hemolysis results, the fresh porcine blood for the hemolysis test was stored at 2-5 • C for 2 days. The hemolysis tests with 500 mL were carried out three times under the conditions where the head of the pump was 100 mmHg with a flow of 5 L/min. Plasma free hemoglobin and hematocrit were measured with 5 mL blood samples collected at 30-min intervals. The experimental NIH level was calculated using the following formula [35] :
where FHB is the increase in plasma free hemoglobin (g/L), Vol is the total blood volume (m 3 ), H t is the hematocrit (%), Q is the blood flow (L/min), and t is the sampling time (min).
III. RESULTS

A. NUMERICAL RESULTS
In the working process of the nutation pump, the relative position between magnets S I and S II in the spherical bearing, and hence the magnetic field, is altered, and the interaction force changes with the magnetic field. With the calculation of the mathematical model, comparisons between the forces for the different states of magnets in the spherical bearing in one nutation period are shown in Figure 7 . The air gap, g, and nutation angle, θ, both have a significant influence on F x , F y , and F z . The magnetic forces increase with the increase of eccentricity (the decrease in the air gap) when the nutation angle is fixed, especially F z , and the variation range of the magnetic forces obviously increases with the increase in the nutation angle. For example, when the nutation angle is θ = 10 • and the air gap is g = 0.5 mm, the maximum is F z ≈ −2.3750 N, and when θ = 10 • and g = 1.5 mm, the maximum is F z ≈ −0.8875N. When g = 0.5 mm and θ = 15, the maximum difference is | F z | = 0.9270 N; even when g = 0.5 mm and θ = 5 • , the maximum difference of | F z | is only approximately 0.1910 N. Fx and Fy are the radial magnetic forces that fluctuate around 0 when the nutation angle is small. F z is the axial magnetic force that depends on the air gap. The nutation disk maintains noncontact with the inner wall of the pump because the radial movement of the disk is restricted by the flat clapboard. Therefore, it is anticipated that the radial magnetic force will be small when the axial magnetic force is large enough. As expected, the adequate suspension axial magnetic force F z can be obtained by the appropriate design of the eccentricity. The magnetic force can be considered constant when the nutation angle is very small, which is conducive to the magnetic suspension stability.
B. SIMULATION RESULTS
To verify the mathematical model of the interaction force, the dynamic magnetic finite element analysis simulation was carried out. Figure 8a and 8b demonstrates the magnetic flux density of the magnets in a spherical bearing at a certain moment. There is a constant changing interactive force between the magnets in the covers and spherical pairs, as the spherical pair is nutating with the nutation disk swinging up and down. Figure 9c shows a comparison of the simulated and numerical results of the magnetic forces along the z-axis when θ is 10 • and for different air gaps. The maximum difference of F z of the simulated and numerical results is 0.206 N and 0.215 N, respectively, when the gap is 1 mm. The maximum deviation between the simulated and numerical results is approximately 4.2% when the gap is 1 mm, which indicates that the numerical data are consistent with the simulations, showing the general validity of Equation (5) . Figure 9a shows the velocity vectors at 1450 rpm and a 5 L/min flow rate throughout the pump. The fluid enters from the left side into the pump chamber, along with the motion of the nutation disk. As expected, the flow velocity in the pump is uniform, except that the inlet and outlet are higher because of the small cross-section, and the maximum flow velocity is approximately 4.5 m/s. The trend in the direction of the flow field inside the pump is consistent with the flow from the inlet to the outlet and there is no recirculation region and flow dead zone in the internal flow field, verifying that the nutation pump has an antithrombotic property.
The hemolysis performance of the blood pump can be studied through the analysis of the shear stress, because it has been proven that the essential reason for hemolysis is caused by shear stress [36] , [37] . The wall shear stress has been analyzed, as shown in Figure 9b , at a 1450 rpm rotational speed and 100 mmHg pressure head. Figure 9c shows the stress histogram of the elements. More than 89% of the particles have a scalar stress less than 200 Pa. The regions where these high shear stress elements occur are at the contact lines between the nutation disk and the pump covers. Blood passing through this region is more prone to hemolysis. However, the maximum shear stress is approximately 700 Pa, and its exposure time is within 0.0414 s. According to the literature reports, these shear stress and exposure time measurements would not cause any serious damage to the red blood cells [38] , [39] . Hence, our designed pump works in a completely safe domain.
C. EXPERIMENTAL RESULTS
The measured value at each measurement point has been plotted into the curve shown in Figure 10a , which shows the hydraulic performance of the self-designed magnetic levitation pump system, with fresh porcine blood as the fluid in a mock circulation. More than 5 L/min of continuous output could be obtained against 100 mmHg of pressure load. When the head of the pump is 100 mmHg with a flow of 5 L/min, the rotational speed is approximately 1450 rpm. In addition, the pressure difference between the inlet and outlet rose from 80 to 100 mmHg, and the output flow rate decreased only approximately 0.6 L/min when the motor speed was 1400 rpm. The test results suggest that the output flow of this pump is stable at a different pressure. Moreover, there was no obvious rise in the temperature of the VAD system during the experiment. The temperature variation of the motor shell was between 34.0 • C and 35.3 • C when the system performed steadily.
The results of the in vitro hemolysis test repeated three times are shown in Table 4 . The experimental NIH of the nutation pump was calculated as 0.0043 ± 0.0008 g/100L, which shows that the pump would not cause serious blood damage; these results are consistent with the CFD result. Figure 10b shows the disassembled nutation disk after a blood test. Upon close examination, it was observed that there is no obvious wear on the surface of the spherical bearing and the pin shaft of the nutation disk. However, there is some blood that accumulates near the contact region between the spherical bearing and nutation disk, which can cause thrombosis in long-term use. The accumulated blood showed that the possible area of backflow was a result of the air gap in the magnetic spherical bearing. Although the magnetic levitation spherical bearing can eliminate friction and wear, the suspension air gap would cause a clearance backflow.
IV. CONCLUSION
In this paper, the principle of a passive magnetically levitated nutation pump was developed, confirmed by computer calculation, and demonstrated to work in a model. Focusing on the passive magnetic spherical bearing, a mathematical model was derived to calculate the interaction forces between the magnetic sleeves in the nutation process, using the equivalent magnetic charges theory. Through the in vitro blood test, the feasibility of the theoretical model of the pump was validated. The conclusions of this paper are as follows.
1. The bearing capacity of the spherical bearing increases with the increase in eccentricity. The fluctuation of the magnetic force is obviously affected by the nutation angle. When the eccentricity is fixed and the nutation angle is very small, the fluctuation of the magnetic force is very little.
2. The dynamic magnetic finite element analysis results are in good agreement with the numerical results, which verifies the mathematical model for the case where the magnetic sleeves in the spherical bearing were eccentric and nutating.
3. The CFD analysis of the blood flow velocity vector and wall shear in the pump revealed that this pump would not cause any serious blood damage, which shows good correlation with experimental data, validating the model. 4 . The satisfactory hydraulic performance and low NIH values validated the design concept of the proposed magnetic levitated nutation pump. The study paves a foundation for the design of a magnetic levitation ventricular-assist nutation pump.
However, it was unclear whether the magnetic levitation of the spherical bearing could be stable. Moreover, because the pump is driven by magnetic coupling from the outside, the radial size of the pump is increased. For the next step, we are developing an electromagnetically driven model in which magnets in the disk are driven by coils. In this model, a method to monitor the levitated clearance with an eddy current displacement sensor will be tested to study the magnetic levitation stability of the pump. Additionally, to develop a practical blood pump, further improvements, especially the efficiency, motor control, durability, etc., are the next subjects of future research. GANG CHEN received the M.S. degree in vehicle engineering from Chang'an University, Xi'an, China, in 2012. He is currently pursuing the Ph.D. degree in mechanical design and theory with the School of Mechanical Engineering and Automation, Fuzhou University, Fuzhou, China. He is also a Lecturer with Fujian Sanming University. His current research interests include magnetic transmission, modern design method, and precision manufacturing. He is a member of the Chinese Mechanical Engineering Society.
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